The signalling molecule auxin regulates many fundamental aspects of growth and development in plants. We review and discuss what is known about auxin-regulated development in mosses, with special emphasis on the model species Physcomitrella patens. It is well established that mosses and other early diverging plants produce and respond to auxin. By sequencing the P. patens genome, it became clear that it encodes many core proteins important for auxin homeostasis, perception, and signalling, which have also been identified in flowering plants. This suggests that the auxin molecular network was present in the last common ancestor of flowering plants and mosses. Despite fundamental differences in their life cycles, key processes such as organ initiation and outgrowth, branching, tropic responses, as well as cell differentiation, division, and expansion appear to be regulated by auxin in the two lineages. This knowledge paves the way for studies aimed at a better understanding of the origin and evolution of auxin function and how auxin may have contributed to the evolution of land plants.
Introduction
When the plant hormone auxin was discovered almost a century ago (Went, 1926) , it could not be foreseen that this small signalling molecule would be recognized as a central component mediating developmental decisions and environmental responses in all land plants. Since then, auxin has been identified in evolutionarily diverse species, from filamentous brown alga to flowering plants ( Le Bail et al., 2010) . This discovery has opened the field for evolutionary questions regarding both the regulation and function of auxin, with specific attention given to auxin's role during and after the development of land plants (Finet and Jaillais, 2012) . We discuss what is known about auxin-regulated development in mosses, one of the earliest diverging groups of land plants.
Already decades ago, work primarily on bonfire moss, Funaria hygrometrica, suggested that moss development is distinctly affected by exogenous auxin (Chopra and Rashid, 1969; Johri and Desai, 1973; Chopra and Rekhi, 1979; Sood and Hackenberg, 1979) . The subsequent characterization of Physcomitrella patens mutant lines showing altered auxinand/or cytokinin-related responses supported these observations (Ashton et al., 1979; Cove and Ashton, 1984) . Naturally occurring IAA was later demonstrated to exist in both P. patens and F. hygrometrica (Ashton et al., 1985; Atzorn et al., 1989a) . This evidence of a function for auxin in mosses was reinforced by release of the P. patens genome sequence in 2008, which revealed homologues of several key gene families needed for auxin biosynthesis, transport, perception, signalling, conjugation, and degradation in flowering plants, suggesting that the core auxin machinery could be conserved (Table 1 ; Rensing et al., 2008) .
The life cycle of mosses differs considerably from those of flowering plants in several respects (Reski, 1998 , and references therein; Cove et al., 2006; Prigge and Bezanilla, 2010; Kofuji and Hasebe, 2014) . It is dominated by the haploid gametophyte phase, initiated through the germination of haploid spores, resulting in the outgrowth of branched filamentous tissue referred to as protonemata. A subset of filamentous side branch initials develop to become buds, which eventually form gametophores or shoots with conductive cells and leaf-like structures initiating from apical unicellular meristems. The shoots develop assimilatory structures, rhizoids, with some similarity to root hairs, close to the base, and reproductive organs at the tip that produce either eggs or motile sperm. Upon fertilization, a diploid determinate sporophyte forms from the zygote attached to the tip of the leafy shoot.
In this review, we provide a comprehensive account of the current state of knowledge regarding how auxin is used to control a plethora of developmental processes throughout the moss life cycle. For this, we mainly rely on knowledge gained from P. patens, a preferred moss model species for developmental genetic studies thanks to its sequenced genome, relatively simple body architecture, and suitability for genetic manipulation (Cove, 2005; Cove et al., 2006; Rensing et al., 2008) . A number of valuable reviews addressing the function of auxin in moss have been previously published, but these either pre-date the reverse genetics era (Cove and Ashton, 1984; Schumaker and Dietrich, 1998; Decker et al., 2006; Cove et al., 2006; von Schwartzenberg, 2009) or focus only partly on auxin or on specific aspects of auxin function (Prigge and Bezanilla, 2010; Vidali and Bezanilla, 2012; Harrison, 2016) . Our hope is that this work will serve as a useful foundation for extended comparisons of the developmental regulatory roles of auxin in early and late diverging land plants to generate a better understanding of the evolution of plant development, architecture, and function.
In the following sections, we first introduce P. patens genes contributing to the conserved auxin machinery, whereafter we discuss different auxin-related processes roughly in the order in which they appear in the moss life cycle.
Auxin function in P. patens depends on conserved genes and mechanisms

Auxin perception and signalling
Mechanisms for nuclear auxin perception and signalling in flowering plants have been thoroughly covered in recent reviews (Wang and Estelle, 2014; Weijers and Wagner, 2016) . In brief, auxin interaction with TIR/AFB receptor family members results in the recognition of the DII domain of the auxin transcriptional response repressors belonging to the Auxin/INDOLE ACETIC ACID (Aux/IAA) family. The interaction results in ubiquitinylation of Aux/IAA by the E3 ligase SCF TIR1/AFB and its subsequent proteasome-mediated degradation. Activating transcription factors of the auxin response factor (ARF family) are thereby able to induce target genes. In contrast, how repressing ARFs execute their transcriptional repression and how auxin affects their activity is not well understood. The regulatory potential of the auxin response system is enormous as the three key protein classes are encoded by multiple genes, and combinations of homo-and heterodimers can form both within and between families. In Arabidopsis, there are, for example, 6 TIR1/AFB, 29 Aux/IAA, and 23 ARF genes encoding products with slightly different properties, which may contribute to the plasticity of the system.
In P. patens, there are four TIR1-like genes (PpAFB1-PpAFB4) likely to encode functional auxin receptors, as transient silencing of all four PpAFB genes results in reduced auxin sensitivity while auxin sensitivity is elevated upon PpAFB2 overexpression (OE) Listed references represent a selection of papers where genome inventories and/or functional characterizations of moss genes are reported. Most moss genes were originally identified in the original P. patens genome publication (Rensing et al., 2008 2012). Three P. patens genes encode Aux/IAA proteins (PpIAA1A, PpIAA1B, and PpIAA2) (Paponov et al., 2009) and these proteins can interact with moss homologues of the TPL co-repressor, suggesting that the mechanism by which they may repress transcription is conserved (Causier et al., 2012) . Through the conserved DII degron motif, PpIAA2 can also interact with selected PpTIR1-related receptor proteins in an auxin-dependent manner and, as in Arabidopsis, point mutations in the DII motifs of P. patens Aux/IAAs cause auxin resistance (Ashton et al., 1979; . Aux/IAA triple knock out (KO) mutants display dramatic phenotypes reminiscent of the wild type (WT) treated with high auxin concentrations, but are completely insensitive to exogenously applied auxin and pharmacological inhibition of auxin biosynthesis using l-kynurenine (l-Kyn) (He et al., 2011; . Filamentous tissue transcriptomics further revealed that triple mutant gene expression is virtually unaffected by exogenous auxin, that differentially expressed genes in the triple mutant greatly outnumber genes regulated by exogenous auxin in the WT, and that many differentially expressed genes that overlap in the two data sets show significantly stronger differential expression in the mutant versus the WT data set .
These results indicate that all auxin effects on protonema transcription are relayed through the Aux/IAAs and that the full complement of genes controlled by auxin through Aux/ IAAs, as well as the full dynamic range of this regulation, cannot be fully revealed by looking at differential expression following exogenous auxin treatments. These important conclusions drawn from studies of the P. patens aux/iaa triple null mutant may well also apply to flowering plants . Of the 11 canonical ARF-like genes in P. patens, seven cluster with activating Arabidopsis ARF genes (PpARFa genes) and four with the AtARF3/4 group of repressing Arabidopsis ARF genes (PpARFb1-PpARFb4; Paponov et al., 2009; . Overexpression of TAS3 trans-acting siRNA (tasiRNA)-resistant versions of PpARFb2 and PpARFb4 results in reduced auxin responses, indicating that they indeed act as repressors (Plavskin et al., 2016) . In addition, PpARFb4 OE suppresses the aux/iaa triple mutant constitutive auxin phenotype apparently through the repression of genes that are normally considered as auxin inducible. As both activating and repressing ARF proteins compete for binding to the same promoter elements, suggest that repressing PpARFbs may act primarily to finetune the auxin response by restricting the action of activating ARFs through competitive DNA binding under conditions when long-term repression by Aux/IAAs is relieved. Support for such an indirect role is provided by the fact that PpARFb1-PpARFb4 lack a TPL interaction motif found in other presumed repressing plant ARFs and which is believed to mediate their ability to repress transcription directly. The fact that both activating and repressing P. patens ARFs bind promoter elements similar to auxin response elements in flowering plants suggests a largely conserved DNA binding specificity . Indeed, flowering plant promoters containing such elements, including the soybean GmGH3 promoter and the synthetic DR5 promoter (Imaizumi et al., 2002; Bierfreund et al., 2003) , are auxin responsive in moss and have been used as auxin response reporters. Also the Arabidopsis DII-VENUS auxin response sensor (Brunoud et al., 2012) based on auxin-triggered degradation of a fluorophore-Aux/IAA DII domain fusion protein, has been tested in P. patens (Tom Viaene, personal communication) . Although it is auxin responsive, the mutated negative control construct mDII-VENUS unexpectedly also responds to auxin in moss, making it difficult to interpret the data.
Auxin biosynthesis, transport, and metabolism
The regulation of plant development via auxin signalling depends on intracellular levels of active auxin. In flowering plants, these are controlled by de novo biosynthesis, inter-and intracellular transport, reversible inactivation by conjugation, and degradation (Rosquete et al., 2012; Ljung, 2013; Grones and Friml, 2015; Kasahara, 2016; Porco et al., 2016; Zhang et al., 2016) . Despite some knowledge gaps and interesting differences, the overall picture is that many of these mechanisms are conserved in P. patens.
The most prominent route of auxin biosynthesis in flowering plants is the conversion of tryptophan to indole acetic acid (IAA) in a linear two-step pathway where tryptophan is first converted to indole-3-pyruvate (IPA) by TAA1-related enzymes (TARs), whereafter IPA is further converted to IAA by YUCCA-related enzymes (YUCs) (Stepanova et al., 2008; Tao et al., 2008; Mashiguchi et al., 2011; Won et al., 2011) . Physcomitrella patens has six TAR and six YUC genes, and our preliminary findings from a recently initiated characterization of these gene families are that they indeed contribute to IAA production, that individual members show tissue-specific expression patterns, and that loss-of-function mutants suffer from various developmental defects (unpublished data). In Arabidopsis, selected YUC genes are activated by SHI/STY transcription factors and, in moss, OE of one of two P. patens SHI/STY homologues results in elevated auxin levels, auxin biosynthesis rates, and auxin responses, while deletion of either one of the genes produces largely reciprocal effects (Eklund et al., 2010; Landberg et al., 2013) , making it likely that this regulation is conserved. In Arabidopsis and other flowering plants, other pathways for auxin biosynthesis have been described (Ljung, 2013; Kasahara, 2016) , but it is not clear at this point whether these are active in moss and/or whether pathways unique to early diverging plants may exist.
In Arabidopsis, members of the pin-formed family of auxin exporters (PIN) having a long internal hydrophilic loop and a polar distribution at the plasma membrane are instrumental for the directional transport of auxin from one cell to another (Adamowski and Friml, 2015) . Other PIN proteins with shorter internal hydrophilic loops instead localize to the endoplasmic reticulum (ER) membrane where they are postulated to maintain intracellular auxin homeostasis by facilitating the transport of auxin across the ER membrane (Adamowski and Friml, 2015) . Genes encoding PIN proteins with long and short internal hydrophilic loops also co-exist in model bryophytes even if they may have evolved from an ancestral canonical gene independently from those in vascular plants Bennett et al., 2014a) . The P. patens genome, for example, encodes three long PIN homologues (PpPINA-PpPINC) shown by translational reporters and immunolocalization to exhibit a polar plasma membrane localization (Bennett et al., 2014b; Viaene et al., 2014) . In contrast, a translational reporter indicates that the sole short homologue in P. patens (PpPIND) resides intracellularly at what is likely to be the ER membrane (Viaene et al., 2014) . Long PIN KO mutants show phenotypes indicating an elevated auxin response, probably as a result of auxin trapping in the cells, while overexpressors show reciprocal phenotypes, probably explained by export-mediated auxin drainage (Bennett et al., 2014b; Viaene et al., 2014) . The data suggest a conserved function of long PpPINs as auxin export facilitators.
In addition to the PIN exporters, at least three more protein families contribute to the active transport of auxin across membranes in Arabidopsis, the auxin1/like-AUX1 importers (AUX1/LAX), P-glycoproteins of the ABCB family (PGP/ ABCB), and pin-likes (PILS) (Grones and Friml, 2015) . Although P. patens encodes proteins homologous to all these (Table 1) (Rensing et al., 2008; Carraro et al., 2012; Feraru et al., 2012) , publications reporting their functional characterization are still pending. Finally, a plasmodesmatal auxin transport route controlled by callose deposition has been suggested to exist in both Arabidopsis and P. patens (Han et al., 2014; Coudert et al., 2015) .
In Arabidopsis, the major pathways contributing to reversible or irreversible auxin inactivation include the amide-linked conjugation of IAA to amino acids by the GH3 enzyme family (Staswick et al., 2005) , the ester-linked conjugation of IAA to glucose by an enzyme of the UGT family (Jackson et al., 2001) , and the degradation of IAA to 2-oxoindole-3-acetic acid (IAAox) in a reaction controlled by AtDAO1 (Porco et al., 2016; Zhang et al., 2016) . The detection of amide-and ester-linked IAA conjugates (Sztein et al., 1999; LudwigMüller et al., 2009a, b) as well as oxIAA (Záveská Drábková et al., 2015) in P. patens and other mosses suggests that all three pathways may be functional in mosses. While the identification of P. patens proteins involved in the conjugation of IAA to sugars and the degradation of IAA to IAAox are pending, the importance of two P. patens GH3 homologues for the conjugation of IAA to amino acids has been investigated (Ludwig-Müller et al., 2009a, b) . Both PpGH3 homologues can conjugate IAA to certain amino acids in vitro, and single KO mutants show increased sensitivity to inhibitory effects of high exogenous auxin concentrations while they are largely unaffected in the absence of exogenous auxin (LudwigMüller et al., 2009a) . Still, double KO mutant shoots hyperaccumulate free auxin in response to elevated temperatures and darkness, suggesting that amino acid conjugation may regulate IAA concentrations under unfavourable conditions rather than during normal growth and development (LudwigMüller et al., 2009a, b; Mittag et al., 2015) .
Auxin treatments have been crucial for characterization of the moss genes discussed above, as well as for identification of auxin-regulated processes. In addition to the naturally occurring IAA, two synthetic auxins, naphthalene-1-acetic acid (NAA) and 2,4-dichlorophenoxyacetic acid (2,4-D), are frequently used and, even if rarely discussed, the three auxins are not always exchangeable. One striking example is that IAA is significantly more potent than 2,4-D as a regulator of filament development (Lehnert and Bopp, 1983) , while the opposite is true for shoot development (Bennett et al., 2014b) . Similarly, in flowering plants, different auxinregulated processes respond to the three auxins with different dose-response curves (Simon et al., 2013) . Although the differences may depend on stability issues in the media (Dunlap et al., 1986) , they may also reflect tissue-specific differences in how auxin is taken up, transported, metabolized, and perceived. NAA import has been suggested to occur by diffusion rather than by AUX1/LAX activity in flowering plants, whereas 2,4-D may be a poor substrate for PIN-mediated export (Delbarre et al., 1996; Marchant et al., 1999; Simon et al., 2013) . Although the physiological relevance of the differences between IAA, NAA, and 2,4-D responses in moss remains to be demonstrated, it is important to take them into account when planning and interpreting experiments.
Protonemal development
As described in previous reviews focused on P. patens development (Reski, 1998; Cove et al., 2006; Prigge and Bezanilla, 2010; Kofuji and Hasebe, 2014) , the founding cells of the haploid gametophyte generation are spores that give rise to filamentous protonema (Fig. 1A) . These grow by apical cell divisions and subapical branching, and may consist of two cell types, chloronemal and caulonemal cells, which are morphologically and functionally distinct (Fig. 1D ). Chloronemal cells are short and thick with perpendicular cross-walls and numerous chloroplasts, while caulonemal cells in general are long and slender with oblique cross-walls and fewer and poorly developed chloroplasts. The slender apical caulonemal cells have hardly discernible plastids and vacuoles, while older cells gradually become thicker, more pigmented, and possess large vacuoles and clearly visible plastids. Chloronema are slow growing and likely to serve primarily assimilatory functions, while caulonema are fast growing and serve to colonize new substrates, acquire nutrients, and link to the gametophore stage of the life cycle (Menand et al., 2007a) .
The first protonema type produced by P. patens spores is primary chloronema, while caulonemal cells form only later in a differentiation process initiated in the chloronemal tip cell (Fig. 1A ). An apical transition zone where cells gradually become more and more caulonema like is sometimes evident . Side branch initials emerging from chloronema normally retain a chloronemal identity, while the side branch initials emerging from caulonema most often revert back to a chloronemal identity to initiate a secondary chloronema, but may also retain or reassume caulonemal identity or form a bud eventually giving rise to a gametophore or leafy shoot (Fig. 1B) .
Chloronema to caulonema transition is induced by auxin
Already decades ago, exogenous auxin treatments, and the characterization of mutants showing disturbed auxin responses, revealed that auxin stimulates chloronema to caulonema transition (Johri and Desai, 1973; Ashton et al., 1979; Cove and Ashton, 1984) . In addition, enzyme immunoassays suggest that protonemal IAA levels increase at around the onset of caulonema emergence in F. hygrometrica, and remain high thereafter, suggesting that increased auxin content may be important not only for the identity switch, but also for maintenance of caulonemal characteristics over time (Atzorn et al., 1989b) .
The stimulatory effect of auxin on chloronema to caulonema transition has been confirmed and is dependent on SHI/STY regulators of auxin biosynthesis (Eklund et al., 2010) , PIN auxin exporters (Viaene et al., 2014) , and the TIR1/AFB-Aux/IAA-ARF machinery for auxin perception and signalling Hayashi et al., 2012; Lavy et al., 2012 Plavskin et al., 2016) . It could be mentioned that effects of exogenous auxin might be easier to score in suboptimal light conditions since optimal light conditions may saturate endogenous auxin levels and responses Bopp and Atzorn, 1992) .
As caulonemal differentiation is initiated in a chloronemal tip cell, where expression of the GmGH3:GUS auxin response reporter also peaks in young protonema (Bierfreund et al., 2003) , this cell is the likely target of auxin stimulation of the transition. The differentiation should thus depend on the sum of activities affecting the active auxin levels in chloronemal tip cells and their auxin responsiveness.
Early work indicating that the effects of exogenous auxin can be counteracted by inhibitors of polar auxin transport [PAT; 1-N-naphthylphthalamic acid (NPA) and 2,3,5-triiodobenzoic acid (TIBA)] suggested that auxin is actively transported in moss protonema (Cove and Ashton, 1984) . Furthermore, it was recently revealed that PpPIN exporters are expressed in protonema, with a maximum in apical cells (Viaene et al., 2014) . Translational PpPIN fusions to green fluorescent protein (GFP) localize to the apical cross-membrane, suggesting an acropetal auxin transport. As PpPINs also localize to the apical membrane in tip cells, auxin may also be exported out of the filament tip, in line with earlier observations of auxin release from P. patens protonema (Ashton et al., 1985; Reutter et al., 1998; Viaene et al., 2014) . Long PpPIN KO protonema show increased cellular auxin levels, probably explained by auxin trapping, and premature transition to primary caulonema following the regeneration of protoplasts. In contrast, PpPIN OE protonema are essentially unable to undergo the transition, probably due to the observed increase in auxin release to the surrounding media. It is thus likely that acropetal PpPIN-mediated auxin transport is instrumental for generating the auxin levels needed to initiate caulonemal differentiation in a chloronemal tip cell (Viaene et al., 2014) . Even though caulonema abundance is reduced when auxin biosynthesis is compromised (Eklund et al., 2010; He et al., 2011; , it is not yet known where in the protonema auxin biosynthesis takes place. It is therefore not possible to say whether the assumed acropetal transport serves as the main provider of auxin to the tip cell, by creating a gradient superimposed on a uniform biosynthesis axis, or if it keeps an already apical production site sharp in its maximum.
In addition to mechanisms affecting active auxin levels in chloronemal tip cells the sensitivity to these auxin levels is also regulated (Plavskin et al., 2016) . Thus, an acropetal expression gradient of repressing ARFs, spatially restricted by transcript processing through the action of conserved TAS3 tasiRNAs (Axtell et al., 2007) , normally prevents caulonema differentiation in filament tips. In a seemingly random subset of filaments, the TAS3 tasiRNA-mediated suppression of repressing ARFs extends all the way to the tip cell, which makes it competent to undergo auxin-induced chloronema to caulonema transition. Computational simulations and expression analyses of known auxin targets indicates that the tasiRNA-mediated regulation confers cell-and filament-specific auxin sensitivity over a wide range of concentrations, but also robustness by limiting the conversion of noise from auxin signalling input to gene regulation output. The primary cause behind why tasiRNA suppression of repressive ARFs differs between filaments remains to be elucidated, but may depend on the position of individual filament tips in relation to a source of mobile small RNAs or other subtle differences in how small RNA gradients may be formed (Plavskin et al., 2016) .
The auxin induced genes PpRSL1 and PpRSL2, encoding basic helix-loop-helix (bHLH) transcription factors closely related to the RSL class I Arabidopsis genes AtRHD6 and AtRSL1, play a crucial role in the execution of caulonemal transition (Menand et al., 2007b; Pires et al., 2013) . PpRSL1 and PpRSL2 OE results in the overproduction of caulonema, and Pprsl1/rsl2 double KO mutants cannot undergo chloronema to caulonema transition even in the presence of exogenous auxin . PpRSL1 and PpRSL2 expression may thus be necessary and sufficient for caulonemal differentiation . In addition, PpLRL1 and PpLRL2, encoding another type of bHLH transcription factor, are also induced by auxin and necessary for proper auxin induction of chloronema to caulonema transition (Tam et al., 2015) .
The fact that genes involved in photoperception and carbon fixation are down-regulated by auxin in protonema supports the suggested assimilatory chloronema and foraging caulonema function. Caulonema differentiation is suppressed by low light conditions, but can be restored in a dose-dependent manner by exogenously supplied auxins (Lehnert and Bopp, 1983) . Caulonema formation is also suppressed in a hexokinase-deficient mutant with compromised cellular energy status (Thelander et al., 2005) . Taken together, these findings may suggest that auxin-induced caulonema formation is allowed only if the plant can afford the risky but potentially rewarding resulting growth mode. To our knowledge, little is known about intercellular photoassimilate transport in protonemata, but it is tempting to speculate that the rapidly growing caulonema receive energy by transport from more photosynthetically active chloronemal cells. If so, a potential prerequisite for a successful chloronema to caulonema transition could be that the tip cell is preceded by a sufficient number of chloronemal cells. An attractive but speculative hypothesis would be that the tip cell is informed about the number of preceding cells through a PpPIN-mediated acropetal auxin transport (Viaene et al., 2014) . Such a model could potentially explain the puzzling observation that auxin appears actively secreted from protonemal tip cells.
Thus, if auxin secretion outcompetes auxin synthesis in the tip cell, auxin import from preceding chloronemal cells is needed for auxin levels in the tip cell to accumulate above the threshold needed for caulonema induction (Viaene et al., 2014) . In low energy availability conditions, either the auxin synthesis in, or the auxin transport from, the preceding cells might be restricted so that more preceding chloronemal cells are needed before transition is initiated. Alternative explanations for why auxin is secreted out into the media from protonemata could be to protect filaments from toxic auxin levels in case systems for degradation and/or inactivation are inefficient, as suggested by the fact that GH3-based auxin conjugation appears inactive in protonema (Ludwig-Müller et al., 2009b) , or that the secreted auxin has a relevant role outside the cells.
Auxin affects protonemal branching and secondary protonema
Auxin also appears to suppress protonemal branching as well as secondary chloronema development in P. patens and related mosses. Relatively high concentrations of exogenous auxin inhibit the initiation and growth of secondary chloronema basically phenocopying auxin-overproducing and constitutive auxin signalling lines (Johri and Desai, 1973; Ashton et al., 1979; Sood and Hackenberg, 1979; Eklund et al., 2010; . Further, TAS3 tasiRNA biogenesis P. patens mutants with expanded expression domains of repressing ARFs show increased higher order chloronemal branching, and data suggest that caulonemal branching may also be suppressed by auxin (Imaizumi et al., 2002; Wu et al., 2011; Plavskin et al., 2016) .
To shed further light on the effects of auxin in this context, we initiated a small-scale experiment where branching of caulonemal filaments protruding from colonies, as well as of secondary branches emerging from them, were monitored. We evaluated the effects of the auxin 1-NAA and the auxin biosynthesis inhibitor l-Kyn (He et al., 2011) on the WT, the PpPINA overexpressor suggested to have decreased auxin levels, and the pinapinb double KO mutant suggested to have higher auxin levels (Viaene et al., 2014) . The results indicate distinct effects of auxin in the main caulonema filament and its secondary branches (Fig. 2) .
In the main caulonema filament, the number of branches formed per cell multiplied from one to two by l-Kyn and PINA OE, suggesting that auxin is needed to repress multiple branches (hyperbranching) from the same caulonemal cell ( Fig. 2A, B) . Hypothetically, this could be controlled through auxin-mediated feedback from a newly formed branch suppressing the ability of the caulonemal mother cell to support additional branching events. Surprisingly, essentially no effects on the number of caulonema cells producing branches were found by exogenous auxin treatment or in the pinapinb double mutant (Fig. 2A, B) , suggesting that the role of auxin in the regulation of the frequency of cells that induce a first branch may be dispensable or more complex.
In our hands, secondary protonema often show chloronemal characters at the base but become progressively more caulonema like closer to the tip, indicating that they may have entered a progressive transition process as described for primary chloronema . A subset of secondary protonema continues to divide to complete the transition process, but most branches cease to divide after a few divisions, resulting in short mixed identity filaments. While the frequency of fully fledged caulonemal filaments among secondary protonema was unchanged, the results in Fig. 2 indicate that auxin has other distinct effects on secondary protonema. First, auxin appears to make filaments more caulonema like in that they become slender and pointy even if they also keep clear chloronemal hallmarks such as relatively well developed chloroplasts and perpendicular crosswalls ( Fig. 2A) . Secondly, auxin appears to delay the point at which secondary protonema cease to grow (Fig. 2C) . These two observations could indicate that auxin triggers a partial and progressive chloronema to caulonema transition accompanied by a delayed suppression of growth, while this is not sufficient to increase the frequency of secondary protonema completing the differentiation process. Thirdly, the branching of secondary protonema is drastically reduced by auxin (Fig. 2D) . It is plausible that in untreated lines, the assumed acropetal auxin gradient suppresses branching only close to the apex, while it is allowed in more basal cells with lower auxin levels.
Auxin promotes bud induction
While the majority of caulonemal side branch initials develop into new protonemal filaments, up to 5% become buds under standard conditions, which eventually grow into gametophores (Cove and Knight, 1993) . Ashton et al. (1979) showed that auxin stimulates P. patens bud formation in a cytokinindependent manner, confirming findings from other mosses (Chopra and Rashid, 1969; Johri and Desai, 1973; Chopra and Rekhi, 1979; Sood and Hackenberg, 1979) . Efficient bud formation was later revealed to rely on auxin-related proteins such as the SHI/STY regulators of auxin biosynthesis (Eklund et al., 2010) , the PIN auxin exporters (Viaene et al., 2014) , and the TIR1/AFB-Aux/IAA-ARF machinery for auxin perception and signalling Lavy et al., 2012 Plavskin et al., 2016) .
It has been challenging to determine whether auxin is needed together with cytokinin for the actual bud differentiation or whether auxin just stimulates caulonemal differentiation thereby providing more targets for cytokinin-induced bud formation. Some data suggest that auxin stimulates bud formation in both ways. First, both auxin and cytokinin are needed for bud induction in isolated F. hygrometrica caulonema filaments (Sood and Hackenberg, 1979) . Secondly, if P. patens is drip-fed with medium containing auxin until caulonemata are produced, and then with medium containing only cytokinin, only very few buds are induced (Cove and Ashton, 1984) . A dual role for auxin is also supported by the apparent uncoupling of effects on chloronema to caulonema transition and bud formation in lines with ectopic expression of repressing ARFs and by auxin induction of PpABP1-PpABP4 transcription factors needed for bud determination, which is further discussed below (Aoyama et al., 2012; Plavskin et al., 2016) .
It has been suggested that auxin stimulates bud formation by sensitizing target cells to cytokinin (Ashton et al., 1979; Cove and Ashton, 1984) . Otherwise surprisingly little is known about the mechanisms mediating the auxin response. A side branch determined to form a bud shows unique characteristics already at the single-cell stage (Harrison et al., 2009; Aoyama et al., 2012) , suggesting that auxin-influenced cell type determination should take place at this stage at the latest. It is also possible that the fate of a side branch initial is dictated by the caulonema mother cell, making this cell an alternative potential target for auxin signalling. Interestingly, two side branches emerging from the same caulonemal cell may meet different fates, suggesting that the cell fate decision is taken in the branch initial, or that local intracellular differences in the caulonemal mother cell could be crucial (Harrison et al., 2009) . Alternatively, the first side branch initial may induce changes in the caulonemal mother cell, allowing a second side branch initial to take on a different identity. Contrary to most other reports, we often see buds develop from branch initials emerging from the basal-most cell of secondary chloronema rather than directly from a caulonemal cell, at least in the P. patens Reute ecotype (Hiss et al., 2017) , suggesting that both cell types have bud initiation abilities. This notion is supported by the emergence of buds from chloronemal filaments after cytokinin treatment (Reski and Abel, 1985) and in mutants deficient for caulonema differentiation (Thelander et al., 2005; Menand et al., 2007b) .
Four P. patens AP2 transcription factors, PpAPB1-PpAPB4, are required for bud formation (Aoyama et al., Fig. 2 . Auxin influences the initiation, growth, and appearance of protonemal side branches. (A) Micrographs of representative caulonema filaments with secondary branches from different genotypes grown with or without supplements in the medium. From top to bottom, the following genotype/ supplement combinations are shown: WT without supplements, WT with 1 µM of the auxin 1-NAA, WT with 10 µM of the auxin biosynthesis inhibitor l-Kyn, the pinapinb-1 double KO mutant without supplements, and the PpPINA overexpressor without supplements (Viaene et al., 2014) . (B) Average number of branches emerging per cell in extended caulonema filaments of the different genotype/supplement combinations shown in (A) when cells 8-18 are considered. A significant increase in caulonemal branching is evident in the presence of the auxin biosynthesis inhibitor l-Kyn and in the PpPINA overexpressor suggested to have decreased auxin levels (Viaene et al., 2014) , while no effect is found in the presence of the auxin 1-NAA or in the pinapinb-1 double KO mutant suggested to have increased auxin levels (Viaene et al., 2014) . (C) Average length of secondary branches emerging from cells 8-18 in extended caulonema filaments of the different genotype/supplement combinations shown in (A). Branch lengths are significantly increased in the presence of the auxin 1-NAA and, even if it is not statistically significant in this data set, there is also a slight increase in the pinapinb-1 double KO mutant suggested to have increased auxin levels (Viaene et al., 2014) . In contrast, significantly decreased branch lengths are seen in the presence of the auxin biosynthesis inhibitor l-Kyn and in the PpPINA overexpressor suggested to have low auxin levels (Viaene et al., 2014) . (D) Average number of branches emerging per cell in secondary branches anchored in cells 8-18 of extended caulonema filaments from the WT grown with and without 1-NAA. A significant decrease in secondary branching is seen in the presence of 1-NAA. In (A-D), caulonema filaments with intact side branches protruding from 25-day-old colonies grown on minimal media in standard conditions (Thelander et al., 2007) , with or without supplements, were isolated, and analysed by light microscopy. Six colonies evenly distributed in a ring-like pattern were inoculated per Petri dish (depth 25 mm; diameter 90 mm) from homogenous chloronemal tissue shaped into 1 mm balls. Supplements were present in the media throughout the growth period. In (B-D), data represent averages from 10 analysed caulonema filaments harvested from at least two colonies grown on independent plates; error bars represent the SD and asterisks indicate a significance level of P<0.05 (by Student's t-test, as compared with the WT without supplements).
2012). This formation is completely blocked in a quadruple mutant, while PpAPB4 OE instead produces more buds. PpAPB1-PpABP4 are expressed in caulonema, including branch mother cells, and in early side branch initials, but the expression only persists in initials giving rise to buds. Retained PpAPB1-PpABP4 expression may thus be required for bud initiation. Finally, PpAPB1-PpAPB4 are activated by auxin but not by cytokinin, suggesting that PpAPB1-PpABP4 may execute auxin-induced bud initiation and that components needed to sensitize cells to cytokinin could be PpAPB1-PpABP4 targets (Aoyama et al., 2012) . If this is correct, it remains to be revealed how, and in response to what, different levels of active auxin and/or auxin response capacity in different side branch initials is brought about.
Auxin affects protonemal pigmentation
Exogenous application of the auxin 1-NAA from relatively moderate concentrations (0.5 µg µl -1 ) is known to cause hyperpigmentation of both chloronema and caulonema (Ashton et al., 1979) . Hyperpigmentation is also seen in lines with elevated endogenous auxin levels due to overexpression of PpSHI1 proposed to stimulate auxin biosynthesis and in the constitutive auxin signalling aux/iaa triple KO (Eklund et al., 2010; . Even if the functional importance of protonemal pigmentation is unknown, it appears physiologically relevant as it occurs in a developmentally controlled way, mainly in caulonema filaments.
Gametophore development
Gametophores, leafy shoots with rhizoids at the base, differentiate from bud initials (Figs 1B, 3) . After a few rounds of controlled cell divisions, establishing a three-dimensional bud, a rhizoid is the first organ protruding from the bud base, and further basal rhizoids then form from epidermal cells of the developing gametophore stem. The multicellular tip-growing rhizoids, structurally similar to caulonema, have vacuolated and pigmented cells with oblique cross-walls. In the bud apex, a tetrahedral meristematic cell cleaves leaf initials in a spiral phyllotaxy (Harrison et al., 2009) . The leaf initials divide in two planes, producing a monolayered leaf blade. Juvenile leaves are small, oblong-shaped, and lack a midrib, while the mature leaves that follow are larger, lanceolate, and possess a multilayered conducting midrib expressing homologues of NAC genes important for xylem differentiation in flowering plants (Harrison et al., 2009; Barker, 2011; Xu et al., 2014) . Cells of the conducting tissues are connected to leaf traces in the stem. A second type of rhizoids, mid-stem rhizoids, form from stem epidermal cells connected to the leaf traces just below mature leaves. Mid-stem rhizoids are defined by their stem position, but are morphologically similar to basal rhizoids (Sakakibara et al., 2003) . Conducting cells are also found as a central bundle in the stem; however, the traces from the leaves appear unconnected to the central cylinder (Sakakibara et al., 2003) . In addition, P. patens gametophores produce axillary hairs consisting of 2-3 cells. The first hair is initiated in the apical part of the developing bud already before the first leaf primordia emerge, and in mature gametophores 1-4 hairs can be found in the axil of each leaf (Harrison et al., 2009; Eklund et al., 2010) .
Auxin controls cell division and expansion during leaf development
The effect of exogenous auxin on leafy shoot development varies with concentration and type of auxin used, but also between shoots subjected to the same auxin concentration (Ashton et al., 1979; Bennett et al., 2014b) . In general, low auxin concentrations (e.g. 1 μM 2,4-D) gives elongated shoots with more leaves, while higher concentrations result in stunted shoots with fewer, narrower leaves or a complete suppression of leaf outgrowth. When auxin responses are strongly induced, apical growth completely terminates, suggesting that apical cell maintenance is auxin level dependent (Bennett et al., 2014b; . Short-term incubation of isolated gametophores in auxin-containing liquid media causes elongation of the apical part of the stem as well as of the youngest leaves (Decker et al., 2006; Fujita et al., 2008; Barker, 2011) . A similar phenotype is attained by reduced PAT. Stems and leaves of PppinaPppinb double mutants and shoots treated with NPA are more elongated compared with the WT, suggesting that auxin becomes trapped in these tissues. PppinaPppinb leaves are long and narrow as a result of increased cell elongation and reduced cell division in the medio-lateral leaf axis (Bennett et al., 2014b; Viaene et al., 2014) . In very young leaves, starting from the third visible leaf (P3), PpPIN genes are expressed in the apex and, as the leaves grow older, the expression zone expands and reaches the base in leaf stage P7. PpPIN proteins are localized to the apical and basal plasma membrane in the apical half of the leaves but apolarly in the more basal parts (Viaene et al., 2014) . The apical-basal wave of expression coincides with cell expansion, and suggests that proper cellular auxin levels, established by PIN-mediated transport, are important for the regulation of cell expansion, as well as for asymmetric cell divisions increasing leaf width, in the growing leaf (Bennett et al., 2014b; Viaene et al., 2014) .
Auxin affects both rhizoid emergence and development
A striking effect of auxin application on gametophore development is the stimulation of rhizoid formation. High exogenous auxin levels result in more or less leafless gametophores with numerous rhizoids (Ashton et al., 1979; Sakakibara et al., 2003) . Also, the constitutive auxin response aux/iaa triple mutant produces severely affected shoots with ectopic rhizoids and no visible leaf outgrowth . Both basal and mid-stem rhizoids increase in response to auxin, and while the mid-stem rhizoids still develop from epidermal cells adjacent to a leaf trace, their distribution expands to include more apical parts of the shoot, above the seventh mature leaf, that are normally devoid of mid-stem rhizoids (Sakakibara et al., 2003) . Thus, auxin probably controls rhizoid emergence in the upper part of the stem. A leaf factor, transported via the midrib to the epidermal cells adjacent to the leaf trace, could, perhaps in combination with auxin, induce mid-stem rhizoid initiation (Sakakibara et al., 2003) .
Based on available data, we hypothesize that the putative factor transported from leaves to the stem to induce rhizoid initiation could be auxin. Auxin levels high enough for rhizoid initiation would thus only be achieved by a combination of auxin transport from leaves and the plasmodesmatal transport in the stem (Coudert et al., 2015) . It is a striking coincidence that the GmGH3:GUS auxin response reporter shows a strong activity peak in stem tissue around the seventh visible leaf (P7) in which PpPIN activity has reached the basal-most part of the leaf, and that the GmGH3:GUS stem signal is strongly reduced in the PppinaPppinb mutant (Fujita et al., 2008; Bennett et al., 2014b; Viaene et al., 2014) . This site is also the most apical position of emerging rhizoids, suggesting that auxin produced in the leaves and transported to the leaf base mediates mid-stem rhizoid positioning. Upon auxin treatment, this critical level is thus reached higher up in the shoot. Mutants with reduced auxin biosynthesis rates initiate mid-stem rhizoids more basally (Eklund et al., 2010) , giving some support to the hypothesis. However, it will be of great interest to know where auxin biosynthesis genes are active and to obtain higher resolution data on where auxin responses take place during gametophore development.
The auxin-induced PpRSL and PpLRL gene pairs appear to execute auxin-induced rhizoid formation (Menand et al., 2007b , Tam et al., 2015 . They are expressed in young gametophore stem bases and in leaf trace-connected epidermal cells that give rise to rhizoids in mature stems. Rhizoids are severely reduced, or completely lacking, in PpRSL and PpLRL double mutants, respectively. As auxin cannot rescue rhizoid formation in either double mutant, these genes appear to act downstream of auxin to regulate rhizoid formation, similar to their function in caulonema differentiation (see above) and their role in angiosperms where they control root hair development (Menand et al., 2007b; Karas et al., 2009) .
Early work on F. hygrometrica where excised rhizoids were placed on agar blocks containing radioactively labelled IAA suggests that IAA accumulates in the basal part of rhizoids and that this accumulation is a result of higher uptake from the surroundings in the base combined with a polar transport from tip to base . These data are supported by the fact that the two PpSHI genes show a maximal activity in the rhizoid apex, suggesting an apical auxin synthesis, while the GmGH3:GUS auxin reporter has a basal expression maximum (Fujita et al., 2008; Eklund et al., 2010) . The basipetal transport would thus provide the stem with more auxin, contributing to the auxin pool required for further induction of rhizoid initiation, as discussed by Sakakibara et al. (2003) and above. It is somewhat surprising that auxin transport appears basipetal in rhizoids, while the polar plasma membrane localization of long PpPIN proteins at the distal cell sides toward the tip of protonema suggests auxin transport to be acropetal in protonemal filaments (Viaene et al., 2014) . However, it is likely that the auxin transport and response are more dynamic than so far revealed, and might depend on filament type, developmental state, and progress of differentiation.
Less is known about the role of auxin in rhizoid differentiation. It is clear that auxin application (10 μM NAA) increases pigmentation and chloroplast size, but reduces chloroplast number (Sakakibara et al., 2003) . A reciprocal phenotype, reduced pigmentation as well as more and larger chloroplasts, results from KO of the auxin-inducible PpHB7 gene, which encodes a homeodomain-leucine zipper I transcription factor (Sakakibara et al., 2003) , giving some support for a role for auxin in rhizoid differentiation.
Auxin is involved in regulation of tropisms, shoot branching, and axillary hairs
Physcomitrella patens shoot growth is negatively geotropic in darkness and positively phototropic in light (Cove et al., 1978) . As pinapinb mutant gametophores fail to reorient away from a new gravity vector in darkness and fail to respond to exposure to unidirectional blue light, PAT appears important for tropism responses in P. patens, just as in flowering plants (Bennett et al., 2014b; Fankhauser and Christie 2015; Sato et al., 2015) . Also protonemal filaments show distinct tropic growth responses (Cove et al., 1978) , but data linking these to auxin are so far missing to the best of our knowledge.
Shoot branching is another characteristic regulated by auxin in angiosperms, where PIN-mediated PAT plays a central role (Gälweiler et al., 1998; Crawford et al., 2010) . Although auxin treatment represses P. patens branch initiation (Coudert et al., 2015) , support for a basipetal auxin transport in gametophore stems using feeding experiments with radioactive auxin could not be found (Fujita et al., 2008) . Still, Coudert et al. (2015) could show that shoot apex-derived auxin appears to suppress branching in an apical inhibition zone. Replacement of the shoot tip with lanolin supplemented with IAA represses branching, and auxin levels are normally highest in the shoot tip. In addition, the apical inhibition zone of the PpSHI1 mutant is shorter, while the zone is expanded in PpSHI1 OE lines with ectopic auxin synthesis. However, lines lacking two PpPIN exporters show no strong shoot branching defects, supporting the conclusion that PAT is not required for branching inhibition. Instead, Coudert et al. (2015) suggest the involvement of auxin transport via plasmodesmata, since applying a callose biosynthesis inhibitor known to affect plasmodesmatal transport reduces shoot branching.
Axillary hairs secrete mucilage, but their biological function is largely unknown. The two PpSHI genes, the DIAGEOTROPICA gene suggested to have a function in auxin regulation, (Eklund et al., 2010; Lavy et al., 2012) , and the auxin response reporter GmGH3::GUS are all expressed in hairs. Furthermore, a reduced number of axillary hairs is found in PpSHI mutants, suggesting that the hairs could serve as an auxin source providing the shoot with auxin (Eklund et al., 2010) .
Reproductive organs and sporophyte development
Gametophores produce reproductive organs at the apex when subjected to low temperature (15 °C) and short days (8 h light d -1 ) (Fig. 3A) (Hohe et al., 2002) . First, a male antheridium initiates at the apex centre and new antheridia form peripheral to the previous ones, creating a bundle of organs with the oldest in the middle and the youngest at the flanks. Slightly later, a similarly organized bundle of female archegonia initiates next to the male bundle. Reproductive organ growth and development is highly organized (Landberg et al., 2013) . Male organs produce flagellated sperm released upon bursting of the apical antheridium cell, allowing the sperm to swim down the open archegonium neck to fertilize the egg cell in its basal cavity (Kofuji et al., 2009; Landberg et al., 2013; Hiss et al., 2017) . The zygote elongates and divides transversely. The basal cell gives rise to the basal part of the foot through a few divisions, while daughter cells of the apical cell form a slender sporogonium, which develops into a sporophyte anchored to the gametophyte by its seta and foot (Fig. 3A ) (Lal and Bhandari, 1968; Kofuji et al., 2009) .
Auxin is required for reproductive organ opening
Although little is known concerning the role of auxin in reproductive organ initiation and outgrowth, a role in the apical opening of both archegonia and antheridia has been established. The PpSHI genes are expressed in the apical part of reproductive organ primordia, most strongly in the apical cell, and this expression is maintained throughout their development. While Ppshi1 and Ppshi2 single mutant organ primordia appear normal, possibly as a result of functional redundancy, apical opening of mature antheridia and archegonia is partly or completely blocked. Auxin inactivation in PpSHI expression sites (PpSHI2pro:IAAL) gives rise to similar defects, suggesting that auxin is required for the opening process (Landberg et al., 2013) . In addition, PpPINA is expressed in a few apical tip cells just before opening is induced (Landberg et al., 2013) , and the PppinaPppinb mutant has fertility defects (Bennett et al., 2014b) . We hypothesize that auxin production in and subsequent export out of the apical cells might be important to induce cell wall loosening, cell detachment, and tip opening.
The auxin response reporter GmGH3:GUS, PpSHI genes, and PpPINA are all expressed in the developing egg cell, and Ppshi2 as well as PpSHI2pro:IAAL egg cells appear developmentally arrested in mature archegonia (Landberg et al., 2013) . Although these results need to be followed up by fertility studies, they indicate that auxin homeostasis regulation is vital for egg maturation.
Auxin responses are dynamic in developing sporophytes
Very little information is available on auxin action during sporophyte development, partly because many transgenic lines were made in the ecotype Gransden, which in many labs produce sporophytes at a very low frequency. The newly described Reute ecotype (Hiss et al., 2017) efficiently produces sporophytes also in lab conditions, which facilitates future studies of this part of the moss life cycle. Still, GmGH3:GUS expression has been studied, revealing a uniform signal in the zygote, followed by a strong signal in the apical part of the early embryo, a shift to the basal half in later stages, and a final expression pattern restricted to the seta and foot in mature sporophytes (Fujita et al., 2008) . The dynamic auxin responses suggest that auxin plays several important roles during sporophyte development, and encourages further studies. Directional apical-basal auxin transport has been indicated in sporophytes of two moss species (Fujita et al., 2008) . In addition, NPA treatment (50 μM), as well as KO of PpPINB results in P. patens sporophyte branching, suggesting that PAT is important to repress branching, just as in flowering plants (Fujita et al., 2008; Bennett et al., 2014b) . PpTCP5, homologous to the TCP transcription factor-encoding genes known to regulate shoot branching in Arabidopsis, could be a potential downstream target of auxin-controlled sporophyte branching (Martin-Trillo and Cubas, 2010; Bennett et al., 2014b; Ortiz-Ramirez et al., 2016) . Pptcp5 mutant sporophytes branch and PpTCP expression peaks slightly later than PpPIN expression in early stages of sporophyte development.
Remarks, conclusions, and outlook
Available data suggest not only that the auxin machinery is largely conserved between mosses and flowering plants, but also that their respective auxin signalling outputs show striking similarities. For example, correct cellular auxin levels and distribution are important for organ initiation or outgrowth (e.g. buds, leaves, rhizoids, and axillary hairs), for cell differentiation (e.g. caulonema, rhizoid cell maturation, and egg maturation), cell division and cell expansion (e.g. leaves, rhizoids, and protonema), branching (e.g. gametophores and protonema), as well as for tropic responses (e.g. gametophores). Whether all these similarities reflect ancestral roles of auxin, or if some of the functions were co-opted independently in the different lineages is still not known. Comparing details behind how auxin controls different developmental processes in mosses and flowering plants can help to discriminate between these options. Such studies allowed to suggest that the soil anchoring system of the first land plants was controlled by auxin regulation of RSL genes, and that the auxin regulation of these genes has changed since the moss and angiosperm lineages diverged.
To gain a more comprehensive understanding of how auxin controls P. patens development, we need more sensitive auxin sensors/reporters to identify auxin action sites spatiotemporally. We also need a deeper understanding of the differentiation processes occurring in the auxin activity domains, which could be met by studies of the morphological processes, as well as of cell type-specific transcriptome data. Future reversed genetic studies would benefit from descriptions of phenotypes and expression patterns with higher spatial and temporal resolution. The putative auxin control of key developmental processes such as the performance of the unicellular shoot meristem and the development of reproductive organs and sporophytes also deserve more attention.
A better resolution of auxin homeostasis is also needed. There is a shortage of spatiotemporal information of auxin biosynthesis, and much remains to be elucidated about how auxin is transported both within and between cells. Putative auxin transporters belonging to the AUX1/LAX, PGP/ ABCB, and PILS families, for example, remain to be functionally characterized (Rensing et al., 2008; Carraro et al., 2012; Feraru et al., 2012) . The extent of the suggested longdistance intercellular transport via plasmodesmata and/or vascular bundles needs to be mapped. Finally, one needs to be open to the existence of mechanisms in moss that are not conserved in flowering plants, and hence cannot be studied via reverse genetic characterization of candidate genes identified by homology to key components of the auxin machinery in flowering plants.
